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The permanent magnet synchronous motor has high efficiency driving performance and high power density
output characteristics compared with other motors. In addition, it has good regenerative operation character-
istics during braking and deceleration driving condition. For this reason, permanent magnet synchronous
motor is generally applied as a power train motor for electrical vehicle. In permanent magnet synchronous
motor, the most probable causes of fault are demagnetization of rotor’s permanent magnet and short of stator
winding turn. Therefore, the demagnetization fault of permanent magnet and turn fault of stator winding
should be detected quickly to reduce the risk of accident and to prevent the progress of breakdown of power
train system. In this paper, the fault diagnosis method using high frequency low voltage injection was suggested
to diagnose the demagnetization fault of rotor permanent magnet and the turn fault of stator winding. The pro-
posed fault diagnosis method can be used to check the faults of permanent magnet synchronous motor during
system check-up process at vehicle starting and idling stop mode. The feasibility and usefulness of the proposed

method were verified by the finite element analysis.
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1. Introduction

In recent years, the market of electric vehicle (EV) has
been expanded because it is more eco-friendly and efficient
than conventional internal combustion engine vehicle. In
EV, an electrical motor instead of an engine is used for a
power train to make propulsion power.

The permanent magnet synchronous motor (PMSM)
having permanent magnets instead of field winding in the
rotor has especially higher efficiency and power density
characteristics than other types of motor. Furthermore,
when the EV is braked and decelerated, the higher power
regeneration operation is also possible than that of other
motor due to permanent magnet (PM) of rotor. For this
reason, PMSM is generally applied as power train motor
for EVs.

In the application of EV, the reliability of power train
motor is very important for the stability of vehicle. If the
faults of power train motor are occurred, the passengers
may be exposed to high risk of accident.
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In PMSM, the most probable causes of fault are the
demagnetization of rotor’s PM and the short of stator
winding turns. Therefore, these faults should be monitor-
ed and detected quickly to reduce the risk of accident and
to prevent the progress of breakdown of power train
system.

The irreversible demagnetization of PM is a very severe
fault of PMSM, it is caused by the phase switching error
of drive inverter, overload current, and high temperature
driving condition. The fault of stator winding is caused by
the high insulation and the accumulated high voltage
stress [1].

Several fault diagnosis methods for PMSM have been
studied [2-7]. The general diagnosis methods are using
the sensing waveforms and their spectrum analysis of the
instantaneous voltage and current during the driving
operation. In these methods, the sensing signal may
contain large noise, and the sensing signal is varied with
respect to the rotation speed and the load conditions.

Therefore, it takes a long calculation time, and the
diagnosis equipment will be very complex. Besides, the
simplest diagnosis method of rotor PM’s demagnetization
fault is to measure back EMF when the PMSM is in
regenerative operation. However, this method has a draw-
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back to detect when demagnetization is not severe.

In this paper, the fault diagnosis method using high
frequency low voltage (HFLV) injection method was
suggested to diagnose demagnetization fault of rotor PM
and turn fault of stator winding.

In this method, the high frequency and low voltage is
injected to power train PMSM when the PMSM is
standstill condition. The current waveforms of each phase
are measured, and the frequency characteristics of current
waveform are analyzed to diagnose the faults of PMSM.

The feasibility and usefulness of the proposed fault
diagnosis method were verified by the FE analysis. The
proposed method can be used to check the faults of
PMSM during system check-up process at vehicle starting
and idling stop mode.

2. Failure mode of PMSM

Faults of PMSM can be classified as electrical faults,
magnetic faults and mechanical faults. In the electrical
faults, the general faults are the short of stator winding
turns and the demagnetization of rotor’s PM. The turn
fault of stator winding is a very usual electrical fault of
electric motors including PMSM.

The fault of stator winding turn is caused by the high
temperature rising of the overload condition, the break-
down of insulation and the accumulated high voltage
stress. If this fault becomes worse to more bad condition
without the fault detection and the timely shut down, it
may cause demagnetization fault of rotor PM and fire of
power train system after all.

Permanent magnets are one of the most important
components in PMSM because it gives rotor fluxes in the
airgap for the torque production. The PM can be de-
magnetized by the temperature variation and negative
directional electromagnetic flux of stator. The reversible
demagnetization is not a serious problem, but the irrever-
sible demagnetization is a very serious fault of PMSM.
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The irreversible demagnetization of PM is caused by
the phase switching error of a drive inverter, the high
overload current, and the high temperature driving condi-
tion. The PM’s demagnetization faults are occurred parti-
ally or entirely in the rotor PM poles. Even if the partial
demagnetization is occurred, it can be expanded to entire
demagnetization rotor PMs and winding turn’s fault.

These two faults, the demagnetization fault of PM and
the winding turn’s fault, are correlated each other. It
means each fault may bring about the other fault.

There are various conventional diagnosis methods of
motor classified and summarized as in Table 1.

The simplest diagnosis method for demagnetization
fault of PM and turn fault is sensing back EMF (BEMF)
during the regenerative braking operation. However, the
BEMF characteristics can be varied with the temperature
of PM, and this method is not capable to diagnose the
partial demagnetization fault of PMs. Furthermore, it is
very difficult to be applied for distributed winding type
PMSM especially because of winding structure.

The other method is stator current frequency analysis
method. It is a kind of on-line diagnosis method for
PMSM. When the motor is operating, this method detects
abnormal operation of PMSM by sensing of stator current
and frequency analysis [2-4].

However, this method is not appropriate when the
motor speed is frequently varied because the fundamental
frequency of stator current is varied with motor speed. In
addition, in many practical cases, limited on-board com-
putational power severely restricts the use of these com-
plex algorithms and associated optimization techniques.

Another diagnosis method is classified as parameter
estimation methods. It is also a kind of on-line diagnosis
method. When the motor is operating, this method dia-
gnoses abnormal operation by sensing voltage, current of
stator and the calculation of voltage equation of PMSM
[5-7].

Fault current calculation using the sum of three phases

Table 1. Hardware Requirement and Drawbacks of Diagnosis Method.

Types of methods Hardware requirement Drawbacks
L Voltage sensor . .
BEMF monitoring 8 Hard to detect partial demagnetization and turn fault
Raster encoder
. Current sensor, . .
Stator current frequency analysis Not good for various speed operated machines
Raster encoder
L Voltage sensor
Parameter estimation based on current and . .
L. Current sensor, Accurate parameters of fault-free machine are required
voltage monitoring
Raster encoder
. L Search coils, Additional built-in flux sensors are required
Direct flux monitoring . .
Raster encoder Available for demagnetization fault only
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current is a kind of parameter estimation method for turn
fault detection. If the turn fault is occurred asymmetri-
cally, turn fault can be detected by monitoring the sum of
three phase current.

This diagnosis method requires accurately estimated
parameters, e.g. resistance and inductance of stator wind-
ing and BEMF coefficient, of fault-free motor.

However, this method is difficult to be applied because
the parameters are varied with load and temperature
condition. Furthermore, this method may detect the ab-
normal operation of PMSM, but it is impossible to
classify a failure mode of PMSM, whether the fault is
turn fault or demagnetization fault of PM. In addition, this
method also requires the high performance computation
system configuration because of large computation burden
due to complex algorithms and associated optimization
techniques. Therefore, it is limited as an on-board com-
putational system.

As a different diagnosis method, a direct flux monitor-
ing method can detect the demagnetization fault of PM
accurately, but it needs additional built-in flux sensors.
This method can’t detect the turn fault of stator winding
and other types of faults also.

3. Proposed Diagnosis Method

In this paper, the target motor is selected as the power
train PMSM of EV of KIA Motors, Korean automobile
company. The specification of the target PMSM is as
shown in Table 2. Rated output power is 30[kW], and
neodymium rare earth PMs are applied in the rotor.

Figure 1 shows 2D FEA electromagnetic model and
winding diagram of interior permanent magnet synchron-
ous motor (IPMSM) of the target model. The winding
configuration is single layer concentrated winding struc-
ture.

HFLV injection method is proposed in this paper to

Table 2. Specifications of Target PMSM.

Parameter Value
Rated output power [kW] 30
Rated operating speed [rpm] 3500
Rated input voltage [Vnax] 148.5
Number of slots 48
Number of poles 8
Number of turns in series 20
Number of parallel branches 8
Stack length [mm] 140
Core material S18

Permanent magnet NdFeB 35EH
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Fig. 1. (Color online) 2D FEA model and winding diagram of
target PMSM.

diagnose the faults concerning PM’s demagnetization and
turn short in PMSM. In the conventional diagnosis method,
the rotation of rotor is required to measure BEMF or
estimate the motor parameters of driving condition.

On the contrary, in the proposed method, the rotor is
kept at standstill condition and the small value high fre-
quency rotating magnetic field of stator is rotated around
the locked rotor. HFLV excitation is used to make small
value high frequency rotating field of stator.

The HFLV can be made by the power train motor’s
own drive inverter or another inverter circuit of diagnosis
equipment. Figure 2 shows the concept diagram of HFLV
injection method.

Where, V,, is the maximum input voltage, w, is angular
speed of rotating magnetic field, £, is frequency of input
voltage, w, is angular speed of rotor, respectively.

In this diagnosis method, the HFLV is injected to stator
winding and the current waveform of each phase is
measured. And then, the frequency characteristics of the
measured current waveforms are analyzed to diagnose the
faults of PMSM. If there are electrical faults such as rotor
PM’s demagnetization fault and winding turn’s fault, the
stator current waveform will be changed by the effects of
those.

In order to prevent the electrical faults through this
proposed diagnosis method, input voltage magnitude is
set as under 2[%] of rated voltage, and the frequency is

V,,,Sm(weH %)

=V Sm(mel %)

cug 27 f,

= V,Sin(w,f)

i’\
kJ

(’

Fig. 2. (Color online) Proposed HFLV injection method.
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Fig. 3. (Color online) Demagnetization fault analysis models of
target PMSM.

set as higher than 6 times of rated frequency. In this study,
f. is set as 1.4[kHz] and V,, is set as 5[V] for the proposed
diagnosis method.

The current waveform corresponding to rotating mag-
netic field is influenced by rotor flux distribution. If there
is demagnetization fault of PMs, it makes unbalanced and
non-uniform flux distribution of rotor.

] Normal State
—> Is (Phase current) — 7, (Circulating current)

Fig. 4. (Color online) Example diagram of winding turn’s fault.
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It can bring about the change of waveform and fre-
quency characteristics of the stator phase currents by
HFLV injection to phase windings. For this reason, the
demagnetization fault of rotor PM can be diagnosed by
using the proposed HFLV injection method.

Figure 3 shows the demagnetization fault analysis
models of the target IPMSM, and the demagnetized PMs
are indicated by hatching. The demagnetized PMs are
arranged arbitrarily to represent various demagnetization
fault conditions.

In this paper, it is assumed that the demagnetized PM
has 70 % reduced coercive force and residual magnetic
flux density.

The example of winding turn’s faults is shown in Figure
4. Fault current, the sum of three phase currents, is ap-
plied to diagnose the winding turn’s fault. The fault
current can be calculated by (1)

iy iy .= i (1)

Where, i, i, and i. are current of each phase, respec-
tively, and iris fault current.

When the stator winding is in normal condition, the
fault current is always zero. If turn fault is occurred as
shown in Fig. 4, the fault current is increased in pro-
portion to the number of faulted turns.

Figure 5 shows 2D FEA model and circuit diagram of
turn fault modeling and analysis. Turn fault between same
phase winding turns is considered in this model. It is the

C-phsc
Fault State

Phase A

Phase B Phase C

PR et

I+

Fig. 5. (Color online) Position of turn fault and circuit diagram for turn fault modeling,
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slightest turn fault case and also the beginning of turn
fault progress.

When turn fault is occurred, phase resistance of that
coil are assumed as in (2)

_r(1- ]_Vz)
R, RA.( 1 N, 2

Where, R, is the phase resistance at the normal condi-
tion, R is the phase resistance at turn fault condition, N, is
the turn number of coil and Ny is the number of faulted
turns those are shorted.

In the proposed diagnosis method using HFLV injection
to phase winding, the demagnetization fault of PM can be
detected by the frequency analysis of phase current, and
the turn fault can be detected by the fault current cal-
culation and analysis.

4. Demagnetization Fault and
Turn Fault Analysis Results

The proposed HFLV injection diagnosis method is ap-
plied for the target PMSM to diagnose each demagneti-
zation fault model in Fig. 3. The phase current waveform
of each demagnetization fault model is shown in Fig. 6.

As shown in Fig. 6, the magnitude of phase current of
each PM demagnetized models are significantly decreased
to 20[%] of normal condition.

It is due to rotor flux distribution characteristics. When
there is no demagnetized rotor pole, the fluxes from rotor

Normal condition
— - —

Input current [A]
B e
s8o88
T T

N et

e -
0.0014 0.0016 0.0018 0.002

I T - -
0.0002 0.0004 0.0008 0.0008 0.001 0.0012

o

Time [s]

T 1pole demagnetized

=0 T T T T T

c

I

£ :

3 -

3 S

o

3 -0 i i i i i i i i

£ 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
Time [s]

T 2poles demagnetized

=0 T T T T T T

= T

£

3

o

o

g_ 0 i 1 1 1 i i I 1 1

£ 00002 00004 00006 00008  0.001 00012 00014 00016 00018 0.002
Time [s]

T 4poles demagnetized

= 10 T T T T T T T T T

£ !

§ T

3

o

g_ 10 i i I 1 i i I 1 1

£ 0 00002 00004 0000 00008  0.001 00012 00014 00016 00018 0.002
Time [s]

T 8poles demagnetized

Iy

c

2

£

3

o

310 i i L I i i i I L

£ 0 00002 00004 00006 00008  0.001 00012 00014 00016 00018 0.002

Time [s]

Fig. 6. (Color online) Input current waveform of demagneti-
zation fault models.
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Fig. 7. (Color online) Frequency analysis results of demagne-
tization fault models.

PM is distributed uniformly. These fluxes block the high
frequency rotating field of stator winding, and it causes
the increase of stator phase current magnitude.

If there are demagnetized PMs in the rotor, it may result
in inductance variation in the rotor magnet circuit. This
inductance variation may reduce the magnitude of stator
phase current.

In addition, stator currents in Fig. 6 are analyzed using
FFT as shown in Fig. 7. Where, power spectral density
(PSD) indicates the variation of a signal’s power versus
frequency.

As shown in Fig. 7, fundamental and n-th order harmonic
components of the HFLV are shown in FFT analysis
results when there is no demagnetization fault in rotor
PMs. On the other hand, if there were demagnetization
fault of PMs in rotor, additional components are observed
which were not shown in normal condition.

Based on the time and frequency domain diagnosis
results using HFLV injection method in Fig. 6 and Fig. 7,
the demagnetization fault of PM can be detected.

The HFLV injection diagnosis method is also applied
for the target PMSM to diagnose each the turn faults
models shown in Fig. 5. In this figure, ‘n turns fault’
means that n turns are shorted. When there are turn faults
in the stator winding turns and no demagnetization fault
of rotor PMs, unbalanced phase current waveforms are
presented as seen in Fig. 8.

The stator current waveform of faulted phase is analyzed
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Fig. 9. (Color online) Frequency analysis results of turn fault
models.

using FFT as shown in Fig. 9. Even though there are turn
faults in the winding, the frequency domain characteri-
stics are almost similar to each other regardless of fault
turn numbers. It means that the turn faults give no effect
on the frequency domain characteristics of stator phase
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Fig. 10. (Color online) Fault current of turn fault models.

Normal condition 1turn fault
10 T T 10 T
< <
H V! | § Vil
5 opte /- 5 0
5 » 5
> s 1 8 — ~
5 - - 5
Q o
£ £
-1
0G 1 2 3 4 ‘00 1 2 3 4
Time (s) x10° Time (s) x10°
3turns fault Sturns fault
10 10
< <
S N ik 4 S v v
£ 9 / Ao £ S ;
3 K A 3 X : i
5 5 - = Sl
o =3 H
£ £
-10 10
0 1 2 3 4 0 1 2 3 4
Time (s) x10° Time (s) x10°
7turns fault 10turns fault
1 10 .
g g 5
£ g N e £ = a 7
& o. X 4 [ /
DO Al E oS 2K
3 X X i A 3 ) : A
- R » e s N L »
i3 o
£ £
-10 10
0 1 2 3 4 0 1 2 3 4
Time (s) x10° Time (s) x10°

Fig. 11. (Color online) Stator current waveforms of demagne-
tization and turn fault models.

current.

Fault current is calculated using each phase current of
Fig. 8 and (1), and it is presented in in Fig. 10. The fault
current is increased as the number of faulted turns is
increased.

Therefore, the proposed HFLV injection method is useful
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Fig. 12. (Color online) Frequency analysis results of demag-
netization and turn fault models.

to diagnose winding turn’s faults by calculating fault
currents.

The proposed method is applied for fault motors having
demagnetization fault of PM and turn fault together. In
this study, it is assumed that PM of one pole is demag-
netized.

The instantaneous current waveforms of this case are
similar to that of Fig. 6 as shown in Fig. 11. The mag-
nitude of phase current is very small compared with normal
condition without demagnetization fault of PM.

In addition, stator phase currents of Fig. 11 are analyzed
using FFT as shown in Fig. 12. As previously mentioned,
the frequency domain characteristics are almost same to
that of Fig. 7 and 12 representing the faults of PM de-
magnetization.

Therefore, the FFT analysis of stator phase current
generated by HFLV injection method is useful to detect
the demagnetization fault of rotor PM even if there are
winding turn’s fault. Fault current is calculated using each
phase current of Fig. 11 and (1), and it is presented in Fig.
13. The fault current is increased as the number of faulted
turns is increased as previously mentioned in turn fault
result.

As results, the proposed HFLV injection method is
useful to diagnose winding turn’s faults by calculating
fault currents even if there are demagnetization fault of
PM. In other words, the proposed HFLV injection method
can be applied for independent faults diagnosis of demag-
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Fig. 13. (Color online) Fault current of demagnetization and
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netization fault of PM and winding turn’s faults.

5. Conclusion

In this paper, the fault diagnosis method using high
frequency low voltage injection method is proposed to
diagnose demagnetization fault of rotor PM and turn fault
of stator winding.

The proposed method detects demagnetization fault
based on the frequency analysis results of input current
waveform. On the other hand, turn fault can be detected
by calculating the fault current of stator phase currents.

The feasibility and usefulness of the proposed fault
diagnosis method was verified by the FE analysis. The
proposed method can be used to check the faults of
PMSM during system check-up process at vehicle starting
and idling stop mode.
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